Introduction
Phytochromes are biliprotein photosensors that regulate many physiological processes in green plants, enabling their adaptation to fluctuating light environments (1-2).
Phytochrome-related proteins also function as regulators of a diverse array of physiological processes in microrganisms, including many nonphotosynthetic species (3) (4) . Phytochromes are large proteins with covalently bound linear tetrapyrrole (bilin) chromophores that transduce light signals via their ability to reversibly photointerconvert between red-light absorbing P r and far-red-light absorbing P fr species -a process that typically initiates a transcriptional signaling cascade (5) (6) (7) (8) . The excited state lifetimes of phytochromes are quite short (i.e. < 20 ps) due to the photochemical deexcitation of their bilin chromophores via efficient double bond isomerization (9) . Phytochromes are poorly fluorescent biliproteins for this reason -a property that distinguishes this family of photoreceptors from the intensely fluorescent phycobiliproteins found in cyanobacteria and red algae (10) .
Our current understanding of the photophysics of bilins bound within a phytochrome apoprotein scaffold has greatly benefited from studies in which the structures of both bilin chromophore and apoprotein have been modified. By introduction of bilin analogs that lack the photoisomerizing double bond, intensely yellow-orange fluorescent holoproteins (aka phytofluors) have been produced (11) . Directed evolution of a truncated cyanobacterial phytochrome (Cph1∆) yielded a mutant apoprotein that binds the native chromophore precursor, phycocyanobilin (PCB), to produce the red emitting phytofluor PR1 (12) . Mutation of a conserved tyrosine residue was responsible for this fluorescence enhancement, and other amino acid substitutions for this tyrosine produced novel phytochrome holoproteins with altered photophysical properties (13) . The observation that one of the Cph1∆ mutants apparently has enhanced affinity for porphyrins indicates that phytochrome's ligand binding specificity also can be tuned by mutagenesis (13) . Ceratodon purpureus by fluorescence correlation spectroscopy (14) . The present study was undertaken to examine the single molecule hydrodynamics of the red emitting phytofluor PR1 and its wild-type parent Cph1∆ using fluorescence correlation spectroscopy (15) (16) . These studies not only document the feasibility of this technique for probing the affinity of the two subunits within the phytochrome dimer, but unexpectedly reveal the striking affinity of the Cph1∆ apoprotein for organic fluorophore dyes measured at the single molecule level.
Results and Discussion
The brightly fluorescent Cph1∆ ∆ ∆ ∆ mutant PR1 enables single molecule fluorescence detection. Fluorescence correlation spectroscopy was performed on the red fluorescent Cph1 mutant PR1 containing the Tyr176His substitution. PR1 has the same domain structure as Cph1∆, a truncated version of the full length Cph1 photoreceptor that lacks the histidine kinase regulatory domain ( Figure 1A ). It is well established that removal of the histidine kinase domain does not affect chromophore attachment or alter the spectroscopic properties of the full length Cph1 photoreceptor (18) (19) 17) . As shown in Figure 1B , the PR1 mutant is considerably more fluorescent than wild type Cph1∆, which has its main peak at 635 nm whereas the fluorescence spectrum for PR1 is most intense at 670 nm (12, 13) . This increase in fluorescence is primarily due to PR1's poor photointerconversion to the far-red absorbing P fr form (shown for wild type Cph1∆ in the inset to Figure 1B Figure 2A and Figure 2B , it is apparent that there are more fluorescence bursts in the Atto655 transient that are of higher intensity above the background than those of PR1. This is due to the higher fluorescence quantum yield of Atto655 (0.3 compared to 0.15 for PR1) as well as the dark state conversion of PR1 to the far-red form that must be accounted for when analyzing the fluorescence decay curves. The PR1 intensity trace also shows higher background levels due to the presence of the apoprotein at µM concentration. also exhibits a less sharp S-curve dependence, indicating the contribution of phototransformation to the far-red dark state (see Figure 2C ).
PR1 forms dimers with apoCph1∆ ∆ ∆ ∆ in the micromolar concentration range. FCS can also be used to study molecular interactions at low concentrations. The diffusion time τ D of a molecule, when modeled as a non-interacting, uncharged spherical particle, is
proportional to the solution viscosity η, the particle diameter d and the square of the beam-waist ω 0 at the focus of the laser beam (15) (16) . The diffusion time is also inversely proportional to the solution temperature T.
If the molecule under study interacts with other molecules, the main parameter that changes is the particle diameter, which will lead to an increase in diffusion time.
Monitoring this change in diffusion time over a range of protein concentrations can be used to analyze protein-protein interactions. This analysis is further aided by the fact that at typical protein equilibrium concentrations, the solution viscosity, which could also have an effect on τ D , will not change significantly. A particular problem, however, is that FCS has a relatively narrow dynamic range, i.e. it only performs well in a concentration range of ~ 10 -8 -10 -11 M for the fluorescent probe. At lower concentrations, it takes a very long time to obtain a sufficient number of photon bursts to perform the autocorrelation analysis, while at higher concentrations, photon bursts can no longer be resolved. Fortunately, in the absence of its PCB chromophore, apoCph1∆ is essentially non-fluorescent. This allowed us to conduct interaction studies over a wide range of protein concentrations, where the fraction of chromophore-containing PR1 protein is kept constant at 1 nM concentration. In Figure 2C , we have also plotted correlation curves for PR1 in the presence of low (10 -8 M) and high (10 -6 M) concentrations of apoCph1∆.
These results show that micromolar apoCph1∆ concentrations led to a shift to longer diffusion times in the correlation curve for PR1. Similar results were observed when apoCph1∆ was replaced with apoPR1 ( Figure 2D ). Such measurements indicate that the increase in diffusion time corresponds to specific interactions between PR1 and the apoproteins, apoCph1∆ or apoPR1.
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The PR1 diffusion time as a function of the total protein concentration is depicted in Figure 2D . Here, each data point is the result of six independent FCS experiments for each apoprotein concentration. These measurements show that both apoproteins begin to Protein dimerization leads to an increase in the fluorescence brightness of PR1. We have also studied the brightness, q, of PR1 as a function of Cph1∆ concentration. This parameter can be extracted from the fluorescence correlation data by covariance analysis.
If the formation of dimers, as indicated by the increase in diffusion time, has no influence on the chromophore, then the brightness parameter should remain constant with increasing protein concentration. As shown in Figure 2E , PR1 exhibits an increase in brightness with increasing Cph1∆ concentration. This increase in brightness correlates very well with the rise in the diffusion time of Cph1∆ ( Figure 2D ). Note that even though PR1 is forming dimers at higher protein concentration, these dimers are formed with the non-fluorescent apoprotein, so each dimer still has only 1 chromophore. Since the PCB chromophore is covalently linked to Cph1∆, we attribute this change in brightness to a stabilization of the bilin chromophore upon dimer formation. Free PCB, i.e. when not bound to apoCph1∆, has a fluorescence quantum yield that is roughly 1000-fold lower than when it is bound to PR1 (13) . This reduced quantum yield reflects the facile isomerization of PCB in solution. Binding to apoPR1 confers rigidity to the chromophore, thereby increasing its fluorescence quantum yield. The increase in brightness indicates that the formation of PR1:apoPR1 (or PR1:apoCph1∆) dimers 8 influences the chromophore binding pocket (21) . This increase in quantum yield could reflect reduced rates of non-radiative pathways or a reduced absorption coefficient.
ApoCph1∆ ∆ ∆ ∆ can specifically interact with planar aromatic red-fluorescent dye ligands. We next utilized FCS measurements to determine whether apoCph1∆ can interact with the fluorescent dyes, Cy5.18, Alexa660 and Atto655. All of these redemitting fluorophores owe their fluorescence properties to an extended conjugated double bond system, which provides for long-reaching electron delocalization. Cy5.18 belongs to the cyanine group of dyes, the most conformationally flexible of the three dyes.
Atto655 is a member of the oxazine family of dyes, and Alexa660 is a member of the rhodamine family of dyes.
To examine the interaction of the three dyes with Cph1∆, 0. 
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Cph1 interactions with Atto655 lead to fluorescence quenching. As discussed above,
we have also used a covariance analysis to obtain information about potential changes in brightness for the different fluorescent dyes upon interactions with apoCph1∆. Figure 4A shows the outcome of this analysis for Alex660 and Cy5.18. These measurements show that both dyes maintain their average brightness -even in the presence of micromolar concentrations of apoCph1∆. This is not surprising for Alexa660, because the diffusion analysis already indicated that it does not interact with Cph1. By comparison, Cy5.18
displayed an exponential dependence of its diffusion time on protein concentration, but the apoCph1∆-Cy5.18 interaction does not influence its fluorescence brightness.
In contrast to the Cy5.18 and Alex660 dyes, Atto655 displays an apparent exponential decrease in brightness with increasing concentration of apoCph1∆ (see Figure 4B ). When mixed with BSA, however, there is no change in Atto655's fluorescence brightness ( Figure 4B ). Taken together, the changes in brightness and diffusion time indicate that the transient interaction between Atto655 and apoCph1∆ leads to fluorescence quenching. This is most likely due to interactions with the bilin-binding pocket of apoCph1∆. If Atto655 was binding purely statically to apoCph1 its diffusion time would jump from 140 µs to about 500 µs, the diffusion time observed for PR1 (see Figure 2C ).
Tryptophan has been shown previously to be an efficient quencher for oxazine dyes (22) (23) . This leads us to conclude that the decrease in brightness might be due to quenching of the Atto655 by one or more tryptophans on apoCph1∆. Such fluorescence quenching reflects an efficient electron-transfer (ET) process from the dye to tryptophan -a process that is only seen for certain dyes (21) (22) . Such ET, however, only occurs at very small dye-tryptophan separations (<1 nm), which again indicates, together with the change in diffusion time, that Atto655 exhibits a high, but transient affinity for apoCph1∆.
It is tempting to speculate that Atto655 binds to the same pocket in apoCph1∆ as that of the PCB prosthetic group; however the concentration dependence of the interaction suggests that Atto655 binds to an apoCph1∆ dimer. In this regard, the interactions between Atto655 and Cph1 follow the same concentration dependence as dimerization of Cph1. While it is possible that Atto655 interacts with the bilin binding pockets on both subunits, it is more likely that Atto655 interacts at discrete sites on the apoCph1∆
homodimer. We note that there are seven tryptophans in Cph1∆ -only one of which lies within the GAF domain where the natural bilin chromophore is bound. Based on the structure of the bacteriophytochrome drBphP (24) , however, it is unlikely that this tryptophan (i.e. Trp 284) will be responsible for this ET quenching. Additional experiments will be needed to resolve the chemical nature of the Atto655-apoCph1
interaction. It should also be noted that we did not observe any apparent effects of the interaction between the red fluorescent dyes and apoCph1 in bulk solution. We attribute this to the transient nature of the interactions between the dyes and apoCph1 which can only be isolated and becomes apparent at the single molecule level. 
Materials and Methods
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Fluorescence correlation spectroscopy analysis. Each solution was measured multiple times in order to obtain a statistical error distribution, which determines our accuracy in measuring diffusion times. For each run the correlation function was calculated, then fit using a 2-D diffusion model (29) for the fluorescent dye Atto655.
(1)
To account for the fluctuations of the PR1 between a fluorescent bright state and a dark state, an additional term is added to the diffusion model. (30) (31) (32) .
Here, τ is the delay time between the two photon burst transients, τ D is the average 
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